Particle dynamics in deposition of porous films with a pulsed
  radio-frequency atmospheric pressure glow discharge by Xu, Y. et al.
Particle dynamics in deposition of porous films with a pulsed radio-frequency
atmospheric pressure glow discharge
Yu Xu,1, 2 Sergey A. Khrapak,3 Ke Ding,1 Mierk Schwabe,3 Jian-Jun Shi,2 Jing Zhang,2 and Cheng-Ran Du1, ∗
1College of Science, Donghua University, 201620 Shanghai, P. R. China
2State Key Laboratory for Modification of Chemical Fibers and
Polymer Materials and College of Materials Science and Engineering,
Donghua University, Shanghai 201620, P. R. China
3Institut fu¨r Materialphysik im Weltraum, Deutsches Zentrum fu¨r Luft- und Raumfahrt (DLR), 82234 Weßling, Germany
(Dated: March 25, 2019)
Nanoparticles grown in a plasma are used to visualize the process of film deposition in a pulsed
radio-frequency (rf) atmospheric pressure glow discharge. Modulating the plasma makes it possible
to successfully prepare porous TiO2 films. We study the trapping of the particles in the sheath
during the plasma-on phase and compare it with numerical simulations. During the plasma-off
phase, the particles are driven to the substrate by the electric field generated by residual ions,
leading to the formation of porous TiO2 film. Using video microscopy, the collective dynamics of
particles in the whole process is revealed at the most fundamental “kinetic” level.
Porous films deposited on substances have many ap-
plications such as perovskite-sensitized [1] and dye-
sensitized [2] solar cells, Li-ion batteries [3], sensing [4, 5],
and photocatalysis [6]. The recent development of at-
mospheric pressure glow discharges (APGD) makes the
process of plasma assisted film deposition easier than tra-
ditional methods [2, 7] since it can be performed in an
open system with high growth rates at low thermal bud-
gets [8–10]. However, the films deposited by plasma en-
hanced chemical vapor deposition (PECVD) are usually
dense [11–13]. It is challenging to deposit mesoporous
films with particles in plasmas on the substrate since the
particles are charged by the electron and ion currents
and confined by the plasma potential [14, 15], preventing
them from being deposited [16].
The dynamics of mesoscopic particles in plasmas has
been widely studied in dusty plasma research [17–19].
Using video microscopy, the particle motion can be eas-
ily recorded in real time. In a low pressure plasma, the
dynamics of a strongly coupled dusty plasma are virtu-
ally undamped [20–22]. This makes dusty plasmas an
ideal model system to study regular liquids and solids at
the kinetic level [23–27]. However, in atmospheric plas-
mas, the collective dynamics of charged particles is fully
damped, and has been barely studied.
In this work we use nanoparticles grown in a plasma
to visualize the process of film deposition and demon-
strate that modulating the plasma makes it possible to
successfully prepare porous TiO2 films. The collective
dynamics of the particles driven by the electric field in
the initial stage of the plasma-off phase is revealed using
video microscopy. We show that varying the plasma-off
time allows to control the size of the deposited particles.
The experiments were conducted in a radio-frequency
(13.56 MHz) dielectric barrier discharge system at atmo-
spheric pressure, as shown in Fig. 1(a). A plasma was
ignited in a capacitively coupled quartz discharge cham-
ber. The discharge gap was 2 mm high and 10 mm wide.
Two fluorine-doped tin oxide glass plates were used as
electrodes, where the upper one was driven and the lower
one was grounded. The particles were illuminated by a
laser with wavelength of 532 nm [28–32]. Two CMOS
cameras were used to record the particle dynamics and
the evolution of the discharge glow with a frame rate of
100 frames per second (fps). Helium was used as dis-
charge carrier gas for TiCl4 and H2O, and O2 was used
as the oxidizing agent. The corresponding gas flow rates
were set at 500, 10, 20 and 5 sccm, respectively.
The deposition of a porous film was achieved by pulse
modulating the rf discharge. After igniting the helium
plasma, we inlet carrier gases into the discharge chamber.
The input voltage was set to Upp ∼ 2500 V. Since the
plasma conditions play an important role in the particle
formation, we kept the plasma-on time ton = 100 ms,
and varied the time of the plasma-off phase for toff =
300, 200, 100, 50, 25 ms, corresponding to the repetition
frequencies f = 1/(ton+toff ) = 2.5, 3.3, 5, 6.6, and 8 Hz.
The particles grew in the plasma.
To characterize the TiO2 particles formed in the
plasma, we collected the dust particles at the gas exit of
the discharge chamber and performed transmission elec-
tron microscope (TEM) analysis to determine their sizes
and structure. As shown in Fig. 1(b), the particles have
a spherical shape. In the Selected Area Electron Diffrac-
tion (SAED) pattern in Fig. 1(c), the polymorphic rings
indicate that the TiO2 particles are polycrystalline. The
distribution of particle diameters was measured from the
TEM images and shown in Fig. 1(d). The average diam-
eter of the collected particles is 98 nm. Larger particles
can be formed in the plasma discharge but their amount
is rather limited.
The polycrystalline TiO2 particles are formed in the
He/TiCl4/O2/H2O atmospheric pressure plasma. The
precursor molecules are excited/dissociated/ionized into
active precursor species by the plasma first. Then they
react and nucleate into nanoscale particles, agglomerate
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FIG. 1: (color online) Illustration of the experiment setup
(a). Two cameras and a laser diode are mounted on a trans-
lation stage, which can scan the particle cloud in y direction.
Morphology (b), SAED pattern (c), and size distribution (d)
of TiO2 particles formed in the plasma and collected at the
gas exit of the chamber are characterized by TEM.
and further grow into submicron particles as displayed
in Fig. 1 [19, 33–36]. This process is accompanied by
the formation of negatively charged clusters and the ag-
glomeration of these clusters when critical densities are
reached; further growth by radical sticking is halted when
charging effects prevent further agglomeration. In our
experiment with the continuous discharge, no TiO2 film
can be deposited inside the discharge zone. This means
that negatively charged TiO2 particles are formed as the
precursor molecules enter the plasma discharge zone and
become trapped near the sheath. The film deposition
marginally depends on the diffusion and surface reaction
of active species, but is achieved with a different process.
During the plasma-on phase of the modulated dis-
charge, the negatively charged particles close to the axis
of symmetry [dashed-dotted line in Fig. 2(a)] are confined
in two layers close to the bottom and top electrodes with
a huge void in-between [37], as shown in Fig. 2(a). The
ion drag force [38] is balanced by the electric force in
the (pre)sheath, and gravity plays a minor role. Close to
the side of the chamber, vortexes are clearly visible, pre-
sumably caused by the thermophoretic force and neutral
drag [39, 40]. Between the central stable region and the
vortexes, there appear bent layers of particles at the po-
sition x ≈ 3 mm. The detailed origin of theses vortexes
and bent layers is beyond the scope of this manuscript
and will be described elsewhere. In this paper, we fo-
cus on the dynamics of particles in the region of interest
(ROI) close to the chamber center, marked by a white
rectangle in Fig. 2(a).
As the plasma-off phase starts, the glow disappears
instantaneously in terms of the recording rate, as shown
in Fig. 2(c). The particles can no longer be confined
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FIG. 2: (color online) Particle dynamics and plasma glow
for toff = 100 ms. The spatial distribution of TiO2 particles
during the plasma-on phase is shown in (a) (time is set as 0 ms
one frame before the plasma-off phase starts). The vertical
dashed line marks the symmetry axis of the chamber. The
ROI is highlighted by the white rectangle. The profiles of the
particle cloud in the ROI for the next 7 consecutive frames
are shown in a row beneath, for a time period of 70 ms. The
spatiotemporal evolution of the particle cloud for ten periods
is shown in (b), and the sheath edge found in the simulation
is illustrated by the red dotted curve overlaid in the magnified
inset. The glow intensity is plotted in (c) and the intensity of
the laser light reflected by the substrate is shown in (d).
in the (pre)sheath. We show the particle positions in
the ROI in 8 consecutive frames recorded by the “dust
camera” with a time interval of 10 ms in Fig. 2(a). As we
can see, the cloud drops to the bottom electrode within
30 ms followed by a second drop at 50 ms. This dynamics
can also be clearly seen in the spatiotemporal evolution
in Fig. 2(b). Particularly, the particle layer splits into
two layers (at 10 ms) as it falls down. The process of the
(visible) particle deposition lasts for tc ≈ 70 ms. After
100 ms, the plasma is again ignited. The intensity of
the glow, recorded by the “glow camera”, restores to a
value of 60. The particles are trapped in the (pre)sheath
again. However, the height of the particle layer shows a
spike as soon as the plasma is ignited, and it restores to
its equilibrium position afterwards. It is well known that
dust particles can be used as diagnostics for the sheath
[41–44]. This result implies that a wider sheath is formed
at the moment of ignition.
We performed a dedicated numerical simulation to
study the evolution of the plasma sheath as the voltage is
applied. The model simulates an atmospheric pressure,
rf-driven capacitive discharge using a hybrid analytical-
3numerical global model. The model’s detailed description
is given in the supplemental material as well as in Ref.
[45–47]. In the simulation, the sheath width increases to
0.33 mm after the ignition of plasma. It decreases to a
stable value of 0.26 mm afterwards, as shown by a pink-
dashed curve in the inset of Fig. 2(b). The spike of the
height of the particle layer observed in the experiment
is much smaller than the spike of the sheath width in
the simulation. This is caused by the friction of parti-
cles in the atmospheric plasma, where the damping rate
is about νn ' 106 s−1. The particles cannot follow the
formation of the sheath. Nevertheless, the experimental
results show a qualitative agreement with the numerical
simulation.
The particle acceleration towards the electrode in the
plasma-off phase can be explained as follows. When the
plasma is on, the particles are charged negatively due to
the high electron thermal velocity. The estimated aver-
age particle charge number is Z ' 100 [48, 49]. After
the plasma is off, the electron population is expected to
vanish on a time scale of 10−5 s, while the ion density re-
mains almost unchanged. The charge is now determined
by the balance of positive and negative ion fluxes. Due
to the higher mobility of positive ions (O+2 ) than the neg-
ative ions (Cl−) in He gas [50], the particle charge will
shift to the positive values (Z ' 0.8). Most of the parti-
cles are either uncharged or carry one or two elementary
charges.
When the electron component has just vanished, the
electric field (resulting from the space charge of ions)
would accelerate a singly charged particle up to a ter-
minal velocity vp, determined from the balance between
the electric force and friction against the neutral gas,
vp ' eE/mpνn ∼ 100 cm/s, where e refers to the elec-
tron charge, E denotes the electric field, mp denotes the
particle mass, and νn denotes the frictional damping rate.
The electric field decays as the ions start to diffuse to-
wards the discharge walls and electrodes. When most of
the ions are lost (on the time scale of few ms), all par-
ticle charges remain “frozen” since no mechanism of re-
charging is available. Meanwhile, the electric field should
not necessarily vanish, because some positive charge can
be carried by a fog of small nanometer size particles due
to the same frozen-charge effect. The remaining electric
field pushes discretely charged particles (1 e or 2 e) to the
electrode, resulting in the two dropping layers of particles
at t ∼ 10 ms, which agrees with experimental observa-
tions. The details of these estimations are provided in
the supplemental materials.
As TiO2 particles are accelerated to the substrate by
the modulated rf discharge, a porous film is deposited.
The reflection of laser light on the substrate can indicate
the thickness of the film. As we can see in Fig. 2(d),
the intensity of the reflection on the substrate increases
stepwise as particles are accelerated to the substrate pe-
riodically [52].
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FIG. 3: Spatiotemporal evolution of the particle cloud for
toff = 300 ms (a), 200 ms (b), 50 ms (c), and 25 ms (d).
Since the modulation plays an important role in film
deposition, we study the particle dynamics with various
plasma-off times. The results are shown in Fig. 3. For
toff = 200 and 300 ms, the plasma-off phase is long
enough that almost all dust particles can reach the sub-
strate. However, when the time of the plasma-off phase
is shorter than the critical time tc(≈ 70 ms), the next dis-
charge ignites before most particles reach the substrate.
The particles are moved back to the sheath edge, and
thus the deposition process is inhibited by the fast for-
mation of the sheath in the plasma.
We study the morphology of the TiO2 films deposited
for 5 minutes under the scanning electron microscope
(SEM). Images of the surface and the cross section of
the films deposited with five plasma-off times are shown
in Fig. 4(a-e). For toff = 200 and 300 ms, the sur-
face morphology of the film is rather similar, as shown
in Fig. 4(a,b). As toff decreases, the ratio of big parti-
cles to small particles increases. For toff = 25 ms, only
big particles can be seen as constituents of the film, as
shown in Fig. 4(e). This trend is clearly demonstrated in
the distribution of particle diameters shown in Fig. 4(f).
The peak lies at about 100 nm for toff = 200 and 300 ms,
similar to the size distribution of the particles collected
at the gas exit, as shown in Fig. 1(d). However, the peak
shifts to larger diameter and becomes broader as toff
decreases. Here only the bigger particles (with higher
probability of being charged) get accelerated enough that
they can reach the substrate within the limited time of
the plasma-off phase. Most particles, in particular those
with small size, are turned back to the sheath as the
plasma is ignited after the very short off time.
As a consequence of the particle dynamics, the thick-
ness of the film varies considerably with the plasma-off
time, as shown in the insets of Fig. 4. Here we measure
the TiO2 film thicknesses and mean particle diameters
with a total deposition time of 5 minutes. As we can see
in Fig. 5, the film thickness first increases from 12 µm to
18 µm as toff increases up to 100 ms. It then decreases
to 6 µm for toff = 300 ms. Two factors influence the
film thickness, i.e., the repetition frequency and the du-
ration of the plasma-off phase. On the one hand, a longer
plasma-off time leads to fewer repetitions within a cer-
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FIG. 4: (color online) SEM images of the deposited porous
film for toff = 300 ms (a), 200 ms (b), 100 ms (c) 50 ms
(d), and 25 ms (e) and size distribution of particles as con-
stituents of the film (f). The insets show the side view of the
corresponding films with a total inset height of 40 µm.
tain time period. For toff = 100, 200, 300 ms, almost all
particles can be deposited on the substrate within each
repetition. Therefore, the more repetitions there are, the
thicker the film is. On the other hand, a shorter plasma-
off phases prevents small particles from reaching the sub-
strate. Consequently, fewer particles are deposited on the
substrate in each repetition. This causes the thinner film
as toff further decreases below 100 ms. As to the size
of the particles in the porous film, the mean diameter
keeps relatively stable for toff > 100 ms and increases as
a shorter plasma-off time is applied, as shown by the di-
amond symbols in Fig. 5. Based on these factors, we can
describe the dependence of the film thickness H on the
plasma-off time toff with a phenomenological formula:
H = (
A
Rt + 1
)
(
Be−Rt + C
){1
2
[1 + erf (DRt − E)]
}
,
(1)
where Rt(= toff/ton) is the ratio of the plasma-off time
to the plasma-on time. The formula is composed of three
terms, where the first term, A/(Rt + 1), is associated
with the repetition frequency, the second term, Be−Rt +
C, represents the effect of particle sizes, and the third
term, 1/2[1 + erf(DRt−E)], is the cumulative (normal)
distribution function [53]. The formula (1) is fitted to
the measured film thickness H and its second term is
fitted to the mean particle diameter d, resulting in the
fitting parameters as A = 90, B = 0.3 µm, C = 0.12 µm,
D = 1.5, and E = 0.9. As we can see in Fig. 5, this
formula provides a good agreement to the experimental
results.
In summary, we apply a pulse modulation to over-
come the particle trapping effect and successfully pre-
pare porous TiO2 films in an rf atmospheric plasma glow
discharge. In contrast to film deposition by plasma-jet
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FIG. 5: Dependence of the film thickness H and mean diam-
eter of deposited particles d on the ratio of plasma-off time
toff to plasma-on time ton.
[51], the thickness and the structure of the porous films
can be controlled directly by tuning the discharge pa-
rameters such as the plasma-off time. Using video mi-
croscopy, we directly observe the collective dynamics of
particles during the deposition, revealing the whole pro-
cess at the most fundamental “kinetic” level. Besides, the
formation of the plasma sheath at the ignition is moni-
tored using particles as diagnostics, showing a fair agree-
ment with the numerical simulations. This work sheds
light on the microscopic mechanism of the plasma as-
sisted porous film deposition and extends its application
to various fields requiring fine control.
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